Experiments of pedestrian counterflow through bottlenecks in the channel are performed with 200 test persons. The lane formation is studied based on the trajectories extracted by a video processing method. The time evolution of the density and velocity, and flow rate in various scenarios with different bottleneck widths and flow ratios are emphatically investigated. The fundamental diagram is obtained at high density situations and is compared with the data of other experiments. The empirical results in this work can enrich the database of pedestrian evacuation study and provide suggestions for the design of pedestrian facilities.
Introduction
Bottlenecks can be seen easily in many pedestrian facilities. The presence of bottlenecks exerts a vital influence on pedestrians' normal walk and evacuation, and numerous studies (Helbing et al. (2005) , Hoogendoorn and Daamen (2005) , Rupprecht et al. (2011) ) have contributed to the pedestrian unidirectional flow through bottlenecks in recent years. For example, the impact of the geometry of the bottleneck on fundamental diagram is often discussed by researchers (Seyfried et al. (2010) , Zhang et al. (2011) , Zhang et al. (2012) ), which is commonly used in the field of pedestrian dynamics. However, studies of pedestrian counterflow through bottlenecks, especially empirical data (Kretz et al. (2006) ), are comparatively rare though it is not infrequent to see in our daily life, such as corridor in the market, crosswalk on the street, channel in the subway, etc. Serious damage and casualties will be triggered if disasters occur in such situations with pedestrian counterflow. In the past few years, many people were killed in the stampede during the Muslim pilgrimage in Mecca because of the so high density caused by the pedestrian counterflow (Ma et al. (2013) ). With the development of modern cities, the design of pedestrian traffic facilities has become very complex. Scientific and reasonable design can ensure the safety and comfort level, as well as the traffic efficiency, while bad design may lead to great disasters, for instance, trampling accidents in densely populated regions. Therefore it is very essential to study people's behaviours in not only unidirectional flow, but also bidirectional flow, to avoid some dangers in crowd and other emergencies.
In order to study the influence of bottlenecks on pedestrian counterflow, we conducted a series of well-controlled experiments. With the help of some research methods used in the study of pedestrian unidirectional flow, we mainly focus on the influence of bottleneck width and directional flow ratio.
The outline of this paper is as follows. First, the experiment setting is described in terms of the geometrical layout. Then the self-organized phenomenon, lane formation, is introduced by pedestrians' trajectories. Other experiment results are then given and discussed in detail. At last, the conclusions will be listed.
Experiment setting
The experiment was conducted on the playground in a university in China in May 2012. The wall and bottleneck in the channel were formed by pieces of partition which is mainly made of wood and steel. Each partition has the length of 0.8 m, the width of 0.3 m, and the height of 1.8 m. The total length of the channel is L (11 m), and its width is W (3.2 m). The bottleneck was placed in the middle part of the channel. The length of the bottleneck is Bl (1.4 m), and its width (b) changes from 1 m to 3.2 m. The sketch of the experimental setup could be found in Fig.  1a . In the top of the channel, we installed one HD camera to record the whole experiment process. One snapshot of the video scene is shown in Fig.1b . Each frame of the scene has a resolution of 1280*720 pixels, and the frame rate of videos is 25 frames per second. 
Experiment arrangement
There are 200 experiment participants in total, and all of them are male freshmen. Thus the participant group is rather homogeneous concerning gender, age and level of fitness. The participants have been told to walk as normal, without thinking of emergency situations. When walking in the channel, the participants were asked to wear red or yellow hats for the convenience of detecting and tracking as shown in Fig. 1b . We conducted pedestrian flow experiments with several combinations of different bottleneck widths and directional flow ratios, see Table 1 . There are 12 experiment scenes, and each experiment is repeated two times. The variations of the bottleneck width are 1 m, 1.6 m, 2.4 m, and 3.2 m. Actually, it can be regarded as normal channel without bottleneck when the bottleneck width is equal to the width of the channel (3.2 m). Under conditions with the same bottleneck width, there are mainly three kinds of directional flow ratios: condition 1 represents that the pedestrian ratio of the two directions is nearly 1:1; condition 2 represents that the pedestrian ratio of the two directions is nearly 3:1; condition 3 represents that there is only one direction of pedestrian flow. Therefore, condition 1 and 2 are experiments of counterflow, and condition 3 is experiments of unidirectional flow. At the beginning of each run, the participants stand outside of the channel, the distance between the waiting area and the channel is d, about 2 m. In the counterflow experiments, participants wearing the same colour hats were required to walk in the same direction, and pedestrians of the two directions should begin to walk at the same time. Each run of the experiment is terminated when all participants have left the channel.
Data extraction
With the help of coloured hats, pedestrians can be detected automatically by using the mean-shift tracking algorithm (Liu et al. (2009) ) in the video recordings. As can be seen in Fig. 1b , the channel recorded in the video has a little distortion because the camera angle is not strictly perpendicular to the surface of the channel. Thus, the scene recorded by the camera is only the projective vision, which needs camera calibration. Direct linear transformation (DLT) method (Tian et al. (2012) ) is used to transform trajectories from image space to real space. After these processes, data of pedestrians' real positions in the channel can be extracted at each frame during the whole experiments.
Results and discussions
We make further analysis on pedestrians' original data. Since we mainly study the influence of the bottleneck on pedestrian flow, only the bottleneck area, shaded area in Fig. 1a , is regarded as the measurement area when calculating pedestrians' velocity, density and flow rate.
Fig. 2. Trajectories of pedestrians within the channel in each experiment scene. The red lines represent the paths of pedestrians wearing red hats, while the blue lines represent the paths of pedestrians wearing yellow hats. In the scenes (a) 1-1, (c) 1-3, (k) 3.2-2, red hats pedestrians walk from right to left. In the other scenes, red hats pedestrians walk from left to right. Yellow hats pedestrians always walk in the opposite directions.
Trajectories and lane formation
Trajectories in each scene can be obtained with the original data, see Fig. 2 . In order to reduce the irregularity at the beginning of the channel, trajectories are plotted in a middle part within the channel, that is, the scale of x is from -3.2 m to 3.2 m. With all pedestrians' trajectories available to us, the process of lane formation can be analyzed in detail. In each scene, several lanes can be seen obviously, but the number and structure of lanes formed by pedestrian flow are different. There are only two lanes when the bottleneck width is 1m, while it can reach to five lanes with the bottleneck width of 3.2 m. This influence caused by the bottleneck width can be easily understood because pedestrians have limited walking space when the bottleneck is too narrow. For instance, when the bottleneck width is 1 m or 1.6 m, pedestrian flow within the bottleneck area arranges in a zipper-system, just like that in (Seyfried et al. (2009) ).
Compared Fig. 2g with Fig. 2h , or Fig. 2j with Fig. 2k , the structure of lanes are different. After watching the recorded videos and the trajectories carefully, we found that the initial pedestrian distribution in the bottleneck area exerts an obvious influence on the process of lane formation. The first several pedestrians reached the bottleneck area, and then the others with the same direction were inclined to follow them. This can demonstrate the lane formation is one kind of self-organized phenomena, the mechanism of which is that pedestrians prefer to avoid collision with pedestrians in the opposite direction and follow with ones in the same direction.
Another characteristic is that the lanes in these scenes are mostly formed just after pedestrians encounter with the opposite pedestrians or narrow bottlenecks. At the beginning, pedestrians walk in a relatively random way in free space without the interference from the opposite pedestrians or narrow bottlenecks. Thus the paths left by pedestrians before the lane formation are irregular and oscillatory, but they will become relatively steady after the lane formation. Under the unidirectional flow scenes without narrow bottlenecks, this transformation is not obvious, such as scene (i) and scene (l). In these two scenes, there are also five lanes roughly, and the lanes are formed in the whole process within the channel. This kind of lane formation is mainly induced by pedestrians' initial distribution at the beginning of the experiment, which may be a little different with the former ones.
Time evolution of , v and flow rate
In this section, the time dependence of density and velocity in various scenarios with different bottleneck widths and flow ratios are investigated. For the analysis of the individual velocity, v i , and density, i , we adopted the following calculating methods mentioned in (Zhang et al. (2011) ).
The spatial average velocity and density are calculated by taking a segment x in the channel as the measurement area, that is the bottleneck area in this study. The velocity v i of each pedestrian is defined as the length x of the measurement area divided by the time pedestrian needs to pass the area:
where t in and t out represent the time a person enters and exits the measurement area respectively.
The density i for each pedestrian is calculated with:
where b is the width of the measurement area while N(t) is the number of pedestrians in this area at the time t. The time evolution of the density and velocity within the measurement area are shown in Fig. 3 . The overall trend in each scene is similar. At the beginning, the average velocity is relatively high, which can reach more than 2 m/s in scene 1.6-3, while the average density is low with few pedestrians in the measurement area. As an increasing number of pedestrians enter the measurement area, the density becomes larger than the beginning, and the average velocity decreases a lot correspondingly. When more pedestrians enter the channel, the measurement area becomes very crowded, as a result, the competition within pedestrians is very fierce and the evolution of density fluctuates wildly. In some scenes with narrow bottlenecks, pedestrians can hardly move continuously, that is, the pedestrian flow falls into the jamming situation. For example, in scene 1.6-1, the highest density can reach to 7 m -2 and the velocities in certain moments can be approximate to zero, see Fig. 3 . As time passes, more pedestrians exit the channel, and the density decreases gradually. Then we analyze the influence of the bottleneck width and flow ratio on the time evolution illustrated with the bottleneck width of 1.6 m and flow ratio of approximate 1:1. As we can see in Fig. 3a , in the middle part of the time evolution of density, the density in scene 1-1 is not the highest although the bottleneck is the narrowest. This can be explained by the trajectory in Fig. 2 . Only two lanes are formed in scene 1-1, while there are three lanes formed in scene 1.6-1. The competition for space is also very fierce in the latter scene, which can be concluded by combination of the recorded video and Fig. 4 . The occupancy ratio will fluctuate away from the equal line drastically under strong competitive situations. And thus the density in scene 1.6-1 is much higher. When the bottleneck width becomes larger, pedestrians have more free space because the density is relatively low, e. g., scene 3.2-1. However the passing time in scene 1-1 is the longest, compared with the other three bottleneck widths, see Fig. 5a . The passing time will be shortened with the increase of bottleneck width. For instance, it takes 50.52 s for 100 pedestrians to cross the measurement area in scene 1-1, while only takes 24.32 s in scene 3.2-1. Under the same bottleneck of 1.6 m, the flow ratio has some influence on the time evolution of density and velocity, see Fig. 3b . Pedestrians could meet the opposite directional pedestrians under the pedestrian counterflow, and the situation is more competitive than the unidirectional flow. Therefore the density is much higher in the pedestrian counterflow. But the amplitude of variation between two different counterflow ratios (i.e., condition 1 and 2) is similar, except that the density in condition 2 begins to decrease earlier because one direction of flow with few pedestrians first exits the channel. Although the time evolution is quite different, the passing time all pedestrians exit the measurement area under the same bottleneck width in three different flow ratios are similar, see the inset figure in Fig. 5a .
Based on the flow rate data collected in this study and previous experiments (Seyfried et al. (2009) ). We will discuss the influence of the bottleneck width on the flow rate. In Fig. 5b , three conditions represent three different flow ratios. There is an obvious trend in all these experiments that the flow rate becomes larger along with the increasing bottleneck width. The data agree with the empirical J = 1.9b line on the whole, but there are also discrepancies between our experiment and others. The other three experiments are all unidirectional flow, while condition 1 and 2 in our experiment are bidirectional flow. The competition that arises from pedestrians with opposite walking directions may account for the data in condition 1 and 2 lie significantly below the empirical line. It can be concluded that the flow ratio has some certain influence on the flow rate since the discrepancy in condition 1 is the largest, while the discrepancy in the unidirectional flow of condition 3 is not so large. To determine the fundamental diagram from data at stationary states (Zhang et al. (2011) ), we selected manually based on the time evolution of density and velocity (see Fig. 3 ). The data at the beginning and the ending fluctuate sharply, and we found that the densities of these unstable states are basically lower than 2 m -2 in our study. Therefore, fundamental diagrams are firstly obtained based on the selected data ( > 2 m -2 ), while the corresponding diagrams with the whole scope of data are also given in inset figures. From Fig. 6a , the influence of flow ratio with the same bottleneck width (b = 1.6 m) on the fundamental diagram can be summarized. The overall characteristic is similar, i.e., velocity decreases with increasing density. Since about 200 students participate in the experiment and narrow bottlenecks exist in the channel, the density , especially under pedestrian counterflow, can reach high values than many other experiments. However, there is no obvious difference on fundamental diagram among three directional flow ratios except that the range of density in the unidirectional flow (e.g., scene 1.6-3) is smaller than that in the counterflow.
Then we analyzed the influence of bottleneck width on the fundamental diagram. The data given by Helbing is collected in the unidirectional flow, while others contain data from the counterflow. As can be seen in Fig. 6b , the data obtained in our experiment roughly agree with the trend of previous experiments (ped-net.org). The velocity decreases with increasing density as a whole. Combined with the time evolution (Fig. 3a) , it can be found that the range of density and velocity in our study varies in scenes with different bottleneck widths. However, the narrowest scene (e.g., scene 1-1) does not own the largest variation of density and lowest velocities. On the contrary, an intermediate narrow scene (e.g., scene 1.6-1) owns the largest variation. As mentioned in section 3.2, this may arise from the effect of the lane formation. The data from Older and N+W (Navin and Wheeler) may also be explained by lane formation similarly. Although the street width is larger, the former one occupies a higher scope of density and lower velocity, while the latter one with a narrower street owns a lower scope of density and higher velocity. This is very meaningful for the design of pedestrian facilities.
Conclusions
This study explores pedestrian counterflow through bottlenecks, mainly the influence of bottleneck width and directional flow ratio. It is found that the process of lane formation is relevant with the bottleneck width and no clear connection with the directional flow ratio. The structure of the lane is associated with pedestrians' initial distribution within the bottleneck area because of pedestrians' incline to follow the same directional pedestrians and avoid the opposite ones. By analyzing the time evolution of density and velocity, we find that the wider bottleneck width is, the less passing time it takes. The directional flow ratio has some influence on the time evolution of density and velocity, and also affects the flow rate to a certain extent. In this study the largest discrepancy in the flow rate is found when the flow ratio is at approximate 1:1. Data at high density situations ( > 2 m -2 ) is obtained, which enriches the database of the fundamental diagram. The bottleneck width affects the range of density in the fundamental diagram, and the reason may be connected with the process of lane formation. In our study, the scene with the narrowest bottleneck does not own the largest variation of density and lowest velocities. Wider is not always the better at certain circumstances and a scientific design can guarantee the safety, comfort, as well as conserving resources.
